) can address the formidable size of a contained within are exposed to interact with nuclear proteins. While progress on identifying the biochemical polynucleosome system and offer complementary information. Still, modeling this complex system is highly mechanisms that control localized folding and hence govern access to genetic information continues, the inchallenging: the environment of the core particle is much less regular than that of simple DNA in terms of shape ternal structure of the chromatin fiber, let alone the structural pathways for folding and unfolding, remain and charge distribution. We address the spatial inhomogeneity by constructing an appropriate disk/bead model unknown. 
level of detail and coupled with a realistic electrostatic treatment.
Results and Discussion
BD simulations of polynucleosome systems were performed using a numerical time step of ⌬t ϭ 2 ps on an SGI Origin 2000 in serial mode. For the dinucleosome, tion, forces, propagation protocols, and parameters are as detailed in Experimental Procedures. For calculations superhelical DNA. We also allow the (rigid) core disk to of 10 4 time steps (0.02 s), the dinucleosome, trinucleorotate and translate in three dimensions subject to the some, and 48 nucleosome systems require, respecconstraint of its attachment to the linker DNA (Figure 1) and N s is the number of time steps between calculations of mean square displacement. A simulation extending to t s ϭ 0.1 s was used, and N s was set to 100 steps. function of C s in Figure 2 for dinucleosomes and trinucleosomes. Also shown are data adapted from Yao A total of 10 independent trajectories was used for each estimate. Figure 3 shows snapshots from an 8 ns BD trajectory for a dinucleosome system at high (C s ϭ 0.05 M) and 50 ns BD trajectory based on this initial model increases the compaction of the fiber as a given core particle is brought into close proximity to its third neighbor in both Small Angle X-Ray Scattering directions along the chain. The core/core binding interThese structural predictions of the chromatin fiber at actions, due to favorable electrostatic interactions between the core surfaces, form a chain that wraps around high and low salt can also be compared to small-angle the fiber in a left-handed helix.
Dinucleosome and Trinucleosome Dynamics
X-ray scattering profiles for the 48 nucleosome chromaThe refined structure of Applications are underway to elucidate the mecha-5. The predicted condensed 30 nm fiber structure is nisms by which the modulation of the electrostatic unstable at low salt concentration and consequently charge density on the surface of the core particle govunfolds.
erns chromatin structure and thus plays a key role in 6. Electrostatic charges on the core protein are responthe initiation of transcription. For example, removal of sible for modulating fiber condensation; see [30] and the positively charged basic tails from the core particle references therein.
undermines the stability of the condensed structure in the absence of the linker histone H1 [34] . In addition, transcriptionally silent domains in yeast contain hypo- 
Model Geometry
where The model structure is illustrated in Figure 1 . Each core particle disk is connected to one or two linker DNA segments (see Figure 1b) . In |␣ 
90Њ (see Table 1 ).
A local coordinate system {a j , b j , c j } is also associated with each The first three terms represent elastic contributions from stretching, linker bead position, r j , and is used to calculate the local torsion on twisting, and bending, respectively. The terms E C and E V are used to the linker beads. We define the sets I c and I l to be, respectively, the model electrostatic and excluded volume interactions, respectively. set of core beads and the set of linker DNA beads. The vectors {a i } for i I l are directed in the direction of the linker DNA segment: Stretching The stretching potential, E S , is a computational device, and its treatment is optimized with respect to the time step of the dynamics
simulation [44] , so as to balance realized deviations from the target length with the computational time step. E S is written as:
where denotes the inverse Debye length (salt dependent), ⑀ is the
(8) dielectric constant of the medium, and N c is the number of point charges on each core disk. In equation (13), we have introduced where l i is the length of the segment connecting particle i to particle the notation r ij ϭ ||r j Ϫ r i || to denote the distance between the centers iϩ1, calculated as: of the i th and j th particles. Similarly, the distance between the center of the i th particle and the k th charge on particle j I c is denoted by r i{jk} ϭ ||x 
The terms in equation (14) have a shallow minimum of value , where and k ex are the parameters describing the Lennard-Jones interactions. where C is the torsional rigidity constant.
The excluded volume parameters (see Table 1 ) are chosen to ensure that particles do not overlap one another over the course of Bending a simulation. It is not necessary to include a linker/linker excluded The bending energy, E B , is calculated from the set of angles denoting volume term because the electrostatic repulsion between DNA segthe deformation between the linker DNA segments. ments proves sufficient to prevent overlap.
Brownian Dynamics Algorithm
The BD algorithm [46] for rotational and translational motions can be expressed as The bending constant, g, can be calculated from: 
